Studies on autoantibody production in patients treated with tumor necrosis factor-α (TNF-α) inhibitors reported contradictory results. We investigated in a prospective study the efficacy of a treatment with human monoclonal anti-TNF-α antibody (adalimumab) in patients with rheumatoid arthritis (RA) and we evaluated the relationship between treatment efficacy and the incidence and titers of disease-associated and nonorgan-specific autoantibodies. Fifty-seven patients with RA not responsive to methotrexate and treated with adalimumab were enrolled. Antinuclear, anti-double-stranded(ds)DNA, antiextractable nuclear antigens, anti-cardiolipin (aCL), anti-β 2 glycoprotein I (anti-β 2 GPI) autoantibodies, rheumatoid factor (RF) and anti-cyclic citrullinated peptide (anti-CCP) autoantibodies were investigated at baseline and after 6 and 12 months of follow-up. Comparable parameters were evaluated in a further 55 patients treated with methotrexate only. Treatment with adalimumab induced a significant decrease in RF and anti-CCP serum levels, and the decrease in antibody titers correlated with the clinical response to the therapy. A significant induction of antinuclear autoantibodies (ANA) and IgG/IgM antidsDNA autoantibodies were also found in 28% and 14.6% patients, respectively, whereas aCL and anti-β 2 GPI autoantibodies were not detected in significant quantities. No association between ANA, anti-dsDNA, aCL and anti-β 2 GPI autoantibodies and clinical manifestations was found. Clinical efficacy of adalimumab is associated with the decrease in RF and anti-CCP serum levels that was detected after 24 weeks and remained stable until the 48th week of treatment. Antinuclear and anti-dsDNA autoantibodies, but not antiphospholipid autoantibodies, can be induced by adalimumab but to a lower extent than in studies with other anti-TNF blocking agents.
Introduction
Clinical trials in rheumatoid arthritis (RA) have demonstrated that tumor necrosis factor-α (TNF-α) blocking agents are highly beneficial for most patients refractory to classic treatment with disease-modifying anti-rheumatic drugs [1] [2] [3] [4] . However, a significant proportion of patients are still relatively resistant to such a therapy [5] . No reliable markers predictive for the clinical response have been identified, although a recent report suggests that a decrease in rheumatoid factor (RF) and anti-cyclic citrullinated peptide (anti-CCP) antibody titers might be a useful adjunct in assessing the efficacy of treatment [6] . A decrease in IgM-RF titers was initially described by Charles and colleagues in a small series of patients receiving infliximab [7] , but then inconsistent findings were reported [8] [9] [10] [11] . aCL = anti-cardiolipin; ACR = American College of Rheumatology; ANA = antinuclear autoantibodies; aPL = anti-phospholipid autoantibodies; β 2 GPI = β 2 glycoprotein I; CCP = cyclic citrullinated peptide; DAS 28 = Disease Activity Score; dsDNA = double-stranded DNA; ELISA = enzyme-linked immunosorbent assay; ENA = extractable nuclear antigens; ESR = erythrocyte sedimentation rate; RA = rheumatoid arthritis; RF = rheumatoid factor; TNF = tumor necrosis factor.
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Recently, two papers showed a decrease in RF and anti-CCP antibody titers in patients with RA treated with infliximab [6, 8] . In both studies the decrease paralleled the improvement in disease activity score, but one group reported a return to baseline titer levels by prolonging the follow-up to 54 and 78 weeks [8] . In contrast, autoantibodies against non-organ-specific autoantigens have been reported during treatment with TNF-α blocking agents. Thus, antinuclear (ANA) and anti-double-stranded DNA (anti-dsDNA) autoantibodies have been respectively described in up to 86% and 57% of patients with RA treated with the TNF-α blocking agent infliximab [3, 7, [12] [13] [14] [15] [16] . Lower percentages were reported in patients treated with etanercept [17] . Interestingly, these autoantibodies were only anecdotally associated with clinical manifestations suggestive of a druginduced systemic lupus erythematosus [17] . As regards antidsDNA autoantibodies, the occurrence of low-affinity autoantibodies of the IgM or IgA isotype was thought to explain the lack of such an association, in contrast with the widely accepted relationship between high-affinity anti-dsDNA IgG autoantibodies and systemic lupus erythematosus [13] . Although ANA and anti-dsDNA autoantibodies have been reported at higher prevalence in patients treated with infliximab than in those treated with etanercept and in spite of the lack of any flare in a patient with previous infliximab-induced systemic lupus erythematosus when etanercept therapy was started, the occurrence of these autoantibodies has been considered a drug class-related side effect [17, 18] .
Finally, anti-phospholipid autoantibodies -detectable mainly by the anti-cardiolipin (aCL) assay -were also reported in patients with RA receiving TNF-α blockers. In some cases their appearance was related to concomitant infectious processes [19] , but again contrasting results were reported and no correlation with the clinical manifestations specific for the antiphospholipid syndrome was clearly found [8, 9, 16] . However, a paper suggested that they might be predictive of a poor clinical outcome [20] .
Adalimumab, a fully human anti-TNF-α monoclonal antibody, was recently approved for the treatment of both moderate and severe RA [4, 21, 22] . The present 1-year study was planned to evaluate the following in a prospective manner: first, the clinical efficacy of adalimumab; second, whether the prevalence and titers of RA-associated autoantibodies such as RF and anti-CCP autoantibodies correlate with treatment effect; and third, whether non-organ-specific autoantibodies are induced by adalimumab as reported for other TNF-α blocking agents.
Materials and methods

Patient sera
Fifty-seven patients (53 women and 4 men; mean age at baseline 56 years (range 28 to 83)) with refractory RA were included in the study. The patients were selected in accordance with the inclusion criteria of Adalimumab Research in Active RA (ReAct) , an open-label multicenter, multinational phase IIIb study conducted primarily in Europe. In the ReAct study, patients were assigned to receive single self-injections of adalimumab subcutaneously at 40 mg every other week in addition to their pre-existing but inadequate therapies [22] . All patients fulfilled the 1987 American College of Rheumatology (ACR) classification criteria for RA [23] and were treated with methotrexate (mean dosage 10 mg per week (range 7.5 to 20)) and adalimumab (40 mg every other week as a single dose by subcutaneous injection). In addition 55 patients with RA treated with methotrexate only were followed up and evaluated with comparable parameters at 6-month intervals.
Written informed consent was obtained from all patients and the study was approved by the Research and Ethics Committee of the L Sacco University Hospital in Milan.
Demographic and clinical data are presented in Table 1 . During the study, 42 patients of the adalimumab group received concomitant corticosteroids (7.5 mg per day), 48 received non-steroidal anti-inflammatory drugs and/or analgesics, and 6 received other drugs. Patients were followed clinically at regular intervals by the same physician during this period and in particular when they were receiving adalimumab. Clinical assessment included the number of tender and swollen joints, the duration of morning stiffness, erythrocyte sedimentation rate (ESR), and C-reactive protein (CRP) ( Table 2) . Clinical features suggestive of infections or autoimmune disorders were also recorded. ESR and CRP and significant concomitant clinical features suggestive of infections or autoimmune disorders were recorded accurately ( Table 2 ). The DAS 28 criteria [24, 25] were applied to assess clinical efficacy. Eighteen patients discontinued adalimumab treatment before the end of the study, between 3 and 12 months, because of adverse events, treatment inefficacy or severe infectious disease. Blood was drawn between 08:00 and 09:00 in the morning when the patients visited the outpatient clinic on day 0 (screening evaluation), and after 6 and 12 months of treatment. The blood was immediately centrifuged and the serum was stored at -80°C.
Detection of RF and anti-CCP autoantibodies
Tests for IgM RF and anti-CCP autoantibodies were performed at baseline and after 6 and 12 months of adalimumab treatment. IgM RF was measured by immunonephelometry with the quantitative N Latex RF system (Dade Behring, Marburg, Germany). RF titers higher than 15 IU/ml were considered positive. Anti-CCP autoantibodies were tested by using a second-generation commercially available ELISA kit (Menarini Diagnostics, Florence, Italy) as described [26] . In brief, 100 µl of anti-CCP standards (0, 2, 8, 30 and 100 U/ml), and samples from controls and patients (diluted 1:100 in PBS) were distributed into individual wells. The microtiter plates were coated with highly purified synthetic cyclic peptides containing modified arginine residues. After incubation for 60 minutes, the wells were washed three times with 200 µl wash buffer (borate buffer containing 0.8% sodium azide).
The microplates were then incubated for 30 minutes at room temperature (22-24°C) with alkaline-phosphate-labelled murine monoclonal antibody against human IgG and washed again three times. A chromogenic substrate solution (Mg 2+ phenolphthalein monophosphate buffered solution) was added to each well. After 30 minutes the reaction was stopped with sodium hydroxide-EDTA-carbonate buffer. The absorbance was read at 550 nm. Serum samples were evaluated in triplicate, and the upper normal limit (15 arbitrary units (AU)/ml) was assumed in accordance with the manufacturer's recommendations. To follow the changes in antibody levels during therapy, all serum samples displaying a high concentration (more than 100 AU/ml) were evaluated after a further 1:10 dilution and then corrected for this additional dilution factor. To avoid any plate-to-plate variation of anti-CCP measurements, plates from the same batch (batch number 470094) were used; the inter-assay and intra-assay variabilities were less than 9%.
Detection of ANA Anti-nuclear autoantibodies were performed at baseline and after 6 and 12 months of adalimumab treatment, by indirect immunofluorescence with HEp2 cells as described [27] . Titers of more than 1:160 were considered positive. Sera positive for ANA by indirect immunofluorescence were further analysed for the presence of anti-extractable nuclear antigens (anti-ENA) by Addressable Laser Bead Immunoassays (Menarini Diagnostics) in accordance with the manufacturer's instructions [28] .
Tests for anti-dsDNA IgG autoantibodies were performed at baseline and after 6 and 12 months of treatment with adalimumab by using enzyme-immunoassay (EIA) (Pharmacia Diagnostics, Friburg, Germany); positive samples were also evaluated by Farr assay and by indirect immunofluorescence with Crithidia luciliae (CLIFT) as described [29] . Anti-dsDNA autoantibodies of the IgM isotype have been also detected by CLIFT with a specific anti-human µ chain antiserum (MP Biomedicals, Aurora, OH, USA).
Detection of anti-phospholipid autoantibodies
Anti-phospholipid autoantibodies (aPL) were detected as aCL and as anti-β 2 glycoprotein I (anti-β 2 GPI) by ELISA as described [30] ; values were expressed as IgG or IgM aPL units (GPL or MPL, respectively; considered positive when more than 10 GPL or MPL units) for aCL and as OD values for anti-β 2 GPI autoantibodies (results higher than the 95th percentile of 50 normal healthy controls were considered positive: more than 0.130 for IgG and more than 0.280 for IgM) [30] . Anti-cardiolipin and anti-β 2 GPI autoantibodies were evaluated at baseline and after 6 and 12 months of adalimumab treatment. The sera of the control group of patients with RA were analyzed twice with a 1-year interval. 
Results
Response to therapy An ACR 20 response was achieved by 88% of patients at 24 weeks, and by 80% at 48 weeks. ACR 50 (ACR 70) percentages were 51 (54) and 14 (26) at 24 and 48 weeks, respectively. Table 2 reports the decrease in DAS 28 values, the tender and swollen joint counts and the ESR and CRP values during the study. The group of patients treated with methotrexate alone displayed a stable disease activity during the study with no significant changes in all the clinical assessment parameters (data not shown).
Modification of anti-CCP antibody and RF titers during adalimumab treatment
At baseline, 46 of the 57 patients with RA (80.7%) were positive for anti-CCP autoantibodies, and 43 of 57 (75%) were positive for RF. A strong correlation between anti-CCP and RF at baseline was observed (χ 2 , p < 0.001). Although no patients who were positive for anti-CCP or RF at baseline became negative after anti-TNF-α treatment, both RF serum titers and anti-CCP autoantibodies decreased significantly at week 24 (p < 0.01 and p < 0.01, respectively) and week 48 (p < 0.01 and p < 0.01, respectively) ( Table 2 ). When we grouped the patients on the basis of their clinical response (ACR improvement criteria) to adalimumab, a significant decrease in RF serum titers was observed in those who were clinically improved according to ACR 20 and ACR 50 at weeks 24 and 48, whereas a decrease was also found for ACR 70 at week 48 (Table 3) . Anti-CCP antibody titers declined in patients who were clinically improved according to ACR 50 at week 24 and in those who were improved according to ACR 20, ACR 50 and ACR 70 at week 48 (Table 4) . The Spearman's correlation coefficient of the improvement in the DAS 28 values with the decrease in RF titer at week 48 was 0.316 (p = 0.018), and that for the anti-CCP autoantibodies titer was 0.33 (p = 0.013). No significant change in RF and anti-CCP titers was observed in patients treated with methotrexate alone (data not shown).
Occurrence of ANA in patients treated with adalimumab
At baseline, 4 of 57 (7%) adalimumab-treated patients with RA, and 5 of 55 (9%) methotrexate-treated patients with RA tested positive for ANA (Table 5 ). After 12 months of therapy, induction of ANA was observed in 16 of 57 (28%) adalimumab-treated patients with RA, and in 8 of 55 (14.5%) with methotrexate only (Table 5 ). The difference in ANA positivity before and after the end of follow-up was statistically signifi- cant for the adalimumab-treated group only (p < 0.01). All the induced ANAs were still positive at the end of the study, including 6 of 18 patients who discontinued the treatment.
No patient was positive for IgG or IgM anti-dsDNA autoantibodies in either the adalimumab-treated group or the methotrexate-treated group at baseline. By solid-phase ELISA, the presence of IgG anti-dsDNA autoantibodies was observed in 2 of 57 (3.5%) adalimumab-treated patients with RA after 6 months of treatment and in 4 of 57 (7%) after 12 months of treatment (Table 5 ). All the positive samples displayed low antibody titers (less than 25 AU/ml, normal value 17 AU/ml, mean values +5 SD for 100 normal blood donors, matched for age and sex). The positive samples displayed low titers (less than 1/80) in the CLIFT assay and were negative in the Farr assay (data not shown). Immunoglobulin G anti-dsDNA autoantibodies were associated with positivity for ANA, and remained positive until the end of the study, including three of four positive patients who discontinued the treatment.
Five of 57 (5.1%) and 7 of 57 (14.6%) patients receiving adalimumab were positive for IgM anti-dsDNA autoantibodies after 24 and 48 weeks of treatment, respectively. The occurrence of IgM anti-dsDNA autoantibodies was associated with the presence of IgG anti-dsDNA only in two patients at the 24th week and in four patients at the 48th week after treatment.
None of the patients with RA treated only with methotrexate displayed IgG or IgM anti-dsDNA autoantibodies during follow-up. As regards anti-ENA autoantibodies, three patients were positive for anti-Ro (52 and 60 kDa) before adalimumab and two additional patients became positive during treatment. Four patients were positive for anti-Ro (52 and 60 kDa) autoantibodies before methotrexate treatment and a further one became positive for anti-Ro at the end of follow-up (Table  5 ).
The presence of anti-nuclear and anti-dsDNA autoantibodies was not associated with any clinical event.
Occurrence of anti-phospholipid autoantibodies in patients with RA treated with adalimumab No patients with RA were positive for aCL or for anti-β 2 GPI autoantibodies at baseline. At the end of the study, aCL were detected at low titers (less than 20 GPL or MPL units) in two patients in both groups; anti-β 2 GPI autoantibodies were found in one patient in the adalimumab-treated group at low titers (IgG 0.201 and IgM 0.312 OD values, respectively) and in none of the patients treated with methotrexate only. All aCL and anti-β 2 GPI autoantibodies were detected in patients positive for ANA. No correlation was found between aPL and clinical status (including lupus-like symptoms or thrombosis) or the occurrence of side effects (including infections).
Discussion
Anti-TNF-α agents, such as infliximab and etanercept, have been reported to be beneficial for patients with RA not responsive to conventional treatment [1] [2] [3] 5] . Our study confirms that adalimumab, a new fully human anti-TNF-α monoclonal antibody, is also effective in improving the clinical scores in patients with RA. A decrease in RF and anti-CCP antibody titers has been recently correlated with clinical improvement after infliximab therapy in patients with RA [6] [7] [8] . It has been suggested that blocking TNF-α might have an inhibitory effect on the production of autoantibodies closely related to RA disease activity [6] . Actually, besides their diagnostic value, high RF serum levels were shown to be an independent predictor for deteriorating radiological damage, and a greater prevalence of anti-CCP autoantibodies was found in patients who develop severe radiological damage [31] [32] [33] [34] [35] [36] . However, whereas RF titer reduction was also reported by other groups after infliximab and etanercept therapy [7, 8, 10, 11, [37] [38] [39] , contrasting results were found for anti-CCP antibody levels [7, 8, 10, 11, [37] [38] [39] . Such a discrepancy might be related, at least in part, to the different periods of follow-up and to the methods used to measure the antibody levels in the different studies. In fact, most of the enrolled patients displayed an aggressive form of the disease with high anti-CCP antibody titers; however, not all the studies performed serial serum sample dilutions or tried to reduce the batch-to-batch variability in performing the solid-phase assays for anti-CCP detection. This could have made the laboratory tests too insensitive to detect variations in the antibody titers during treatment.
Our results show a significant decrease in anti-CCP autoantibodies and RF titers after both 6 and 12 months of adalimumab therapy. Thus, serial evaluation of these autoantibodies seems to be useful in monitoring the clinical course of patients with RA undergoing therapy with adalimumab, as previously suggested for infliximab [6] . It is possible that anti-CCP-positive patients with RA might display a more active disease associated with a higher response to therapy in comparison with patients negative for anti-CCP autoantibodies. This finding might explain, at least in part, the association between the clinical response and the decrease in anti-CCP titer. An additional study with a larger series of anti-CCP-negative patients with RA would be necessary to evaluate such a hypothesis, because the number of anti-CCP-negative patients in the present study was too small.
In contrast, results of studies on the association between the response to conventional RA treatment and the decrease in RF and/or anti-CCP autoantibodies have been inconsistent. A decrease in serum RF levels has been reported in association with successful treatment with methotrexate and gold salts [40] . A more recent study confirmed the association between decrease in RF titer and treatment response; in contrast, a shorter disease duration but not a specific treatment was associated with a decline in anti-CCP levels [39]. We did not find any variation in RF and anti-CCP antibody serum levels in the group of patients with RA who were treated with methotrexate alone. However, it must be pointed out that these patients did not display the same clinical characteristics as the patients with RA selected for the adalimumab treatment. Moreover, they were already receiving treatment with methotrexate when included and displayed a stable clinical course of the disease. It is therefore likely that a possible decrease in antibody titer could have already taken place, with no additional effect of treatment being detectable.
The mechanisms by which TNF-α blocking agents could lead to a decrease in titers of autoantibodies closely related to RA is still matter of speculation. Either the downregulation of proinflammatory processes and/or the modulation of apoptosis has been suggested to have a role in autoantibody production or in protein citrullination that eventually might trigger the B cell responses [17, 41, 42] . In contrast, we confirmed the development of ANA and anti-dsDNA autoantibodies in our adalimumab-treated patients. Although the prevalence of IgG anti-dsDNA was comparable to that recently reported by Keystone and Haraoui [43] , the number of ANA positive patients was slightly larger at the end of the treatment. However, both autoantibodies occurred at lower frequency than those reported in series of patients treated with infliximab or etanercept [17] .
As previously reported in patients treated with different anti-TNF-α blocking agents, an increased frequency of anti-dsDNA autoantibodies of the IgM isotypes have also been found in our patients treated with adalimubab [7] . Clinical monitoring of the subgroup of patients positive for ANA and anti-dsDNA autoantibodies did not show any manifestation potentially related to a full-blown lupus disease. Accordingly, IgG anti-dsDNA autoantibodies seemed to be at low titers and to display low affinity, as demonstrated by their negativity in the Farr assay. We did not find aPL at baseline in our patients with RA. Anticardiolipin autoantibodies were induced in 3.5% (2 of 57) and 1.8% (1 of 55) of our patients with RA, treated respectively with adalimumab or methotrexate only, whereas only one patient in the adalimumab group became positive for IgG and IgM anti-β 2 GPI autoantibodies. Moreover, the titers were all low and no clinical manifestations potentially related to the anti-phospholipid syndrome were recorded. Previous studies reported higher aPL frequencies both at baseline [44, 45] and after anti-TNF-α therapy [8, 9, 16, 19] . The difference with our results is probably related to the specificity of the assays we used, as demonstrated in a recent multicenter study [30] .
Although at lower frequency than that reported with other TNF-α blocking agents, both ANA and aPL were clearly associated with adalimumab treatment. It has been suggested that a complex series of events related to TNF-α blockage might have a role in favoring the appearance of these autoantibodies. A dysregulation of apoptosis seems to be the most likely mechanism. Apoptotic cells do in fact expose nuclear antigens on their surface, and apoptotic blebs have been reported to expose anionic phospholipids (mainly phosphatidylserine) that in turn are able to bind circulating β 2 GPI; both phenomena might act as persistent immunogenic stimuli that could end in an antibody response against the self molecules [46,47]. In line with such a hypothesis is the recent demonstration that plasma levels of plasma nucleosomes were higher after infliximab treatment [48] . However, dysregulation and/or inhibition of the cytotoxic T lymphocyte response normally suppressing autoreactive B cells might be involved [17, 49] .
Conclusion
Our results confirm the clinical efficacy of adalimumab, a new fully human anti-TNF-α monoclonal antibody, in improving the clinical score in patients with active RA that was not responsive to the conventional treatment. Such an effect is associated with a decrease in serum levels of RF and anti-CCP antibody levels, which was detected after 24 weeks and remained stable until 48 weeks of treatment. Induction of ANA, low-titer IgG/IgM anti-dsDNA but not aPL seems to be a drugclass-related effect, because increased antibody levels were found during treatment; however, no related clinical manifestations were recorded and antibody frequency was found to be lower than in studies with other TNF blocking agents.
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